We have previously reported on a method for reconstructing quantitative data from 99m Tc single photon emission computed tomography (SPECT) images based on corrections derived from X-ray computed tomography, producing accurate results in both experimental and clinical studies. This has been extended for use with the radionuclide 201 Tl. Accuracy was evaluated with experimental phantom studies, including corrections for partial volume effects where necessary. The quantitative technique was used to derive standardized uptake values (SUVs) for 201 Tl evaluation of brain tumours. A preliminary study was performed on 26 patients using 201 Tl SPECT scans to assess residual tumour after surgery and then to monitor response to treatment, with a follow-up time of 18 months. Measures of SUV max were made following quantitative processing of the data and using a threshold grown volume of interest around the tumour. Phantom studies resulted in the calculation of concentration values consistently within 4% of true values. No continuous relation was found between SUV max (post-resection) and patient survival. Choosing an SUV max cut-off of 1.5 demonstrated a difference in survival between the 2 groups of patients after surgery. Patients with an SUV max 51.5 had a 70% survival rate over the first 10 months, compared with a 47% survival rate for those with SUV max 41.5. This difference did not achieve significance, most likely due to the small study numbers. By 18 months follow-up this difference had reduced, with corresponding survival rates of 40% and 27%, respectively. Although this study involves only a small cohort, it has succeeded in demonstrating the possibility of an SUV measure for SPECT to help monitor response to treatment of brain tumours and predict survival.
Introduction
The benefits of acquiring quantitative data in nuclear diagnostic and therapeutic studies are widely recognized and have been utilized in an extensive range of applications [16] . Limitations involved in quantitative accuracy stem from the ability to provide practical and effective corrections for photon interactions that occur in the body due to attenuation and scatter, and to take into account camera-specific properties and clinical difficulties such as patient motion. Although quantitative positron emission tomography (PET) has become a standard clinical technique to aid in the diagnosis of disease and monitoring of patient response to treatment, quantitative single photon emission computed tomography (SPECT) has not. Recent growth in the area of quantitative SPECT can be largely attributed to the introduction of combined SPECT/CT systems [3, 7, 8] , allowing the high-resolution transmission data provided by X-ray computed tomography (CT) to be used not only in image fusion for anatomic correlation, but for patient-specific non-uniform attenuation and scatter correction.
The authors have previously developed a method for producing fully quantitative 99m Tc SPECT images based on corrections derived from X-ray CT data [9, 10] for attenuation and scattering of photons, which, when combined with corrections for camera dead time, partial volume effects and camera sensitivity, produce consistently accurate results in both experimental and clinical data. Following on from this work, the aim was to extend the CT-based quantitative technique to include other clinically useful radionuclides. In particular, the radionuclide 201 Tl was investigated due to its application in imaging of brain tumours.
The role of 201 Tl SPECT imaging in patients with brain tumours has been explored in numerous publications. 201 Tl uptake is considered to be multifactorial relating to the NaK ATPase system, tumour vascularity, cellular membrane permeability and tumour viability [11, 12] . In brain tumours, 201 Tl uptake may additionally be related to regional cerebral blood flow and bloodbrain barrier breakdown as thallium does not cross an intact bloodbrain barrier [13, 14] . Several reports have assessed 201 Tl SPECT scintigraphy in the grading of gliomas [1522] and the differentiation of primary brain tumours from other lesions [23, 24] . Discriminating between residual or recurrent viable tumour from post-therapeutic changes such as radiation necrosis has also been extensively studied. As early as 1991 [25] thallium uptake was demonstrated to correlate with tumour recurrence. Others have assessed this further by tumour to scalp ratios [26] , tumour to normal brain ratios [14, 2731] tumour to myocardial uptake [32] , retention rates on delayed imaging [14, 31] and visual inspection [33, 34] . Determining prognosis has also been assessed. A semiquantitative approach to predict overall survival of patients with brain tumours was carried out by Vos et al. [35] . The research aimed at introducing SPECT and magnetic resonance imaging (MRI)/CT cut-off values that could provide a diagnostic classification and predict overall survival at the early stages of treatment. Images had no scatter or attenuation correction, and the scale was based on the ratio of maximum uptake in the tumour to background. Whilst such a method is not quantitative, it was found that, on the basis of two 201 Tl SPECT scans (early and delayed), predictions could be made regarding expected survival of patients with the aim of selective aggressive treatment. Similarly, Comte et al. [36] found significant correlation between pre-operative 201 Tl SPECT with histologic grading and overall survival of patients with glioma. The recent publication by Iida [31] suggested that early uptake is the best predictor of progression-free survival. In 2011, Vos et al. [37] reported a strong correlation between survival and the tumour to normal brain ratio. Similar findings have been reported by others [33, 3840] . Although anatomic imaging is highly sensitive when imaging the brain, its specificity is lacking, such that CT or MRI alone are limited in their evaluation of patients with brain tumours [41, 42] . In addition, such modalities also show interobserver variability [43] , a limitation that could be overcome if fully quantitative evaluation from functional images were to be made available.
Other studies have reported no correlation between uptake and tumour type or survival for certain types of brain tumour, in particular, pilocytic astrocytoma and oligodendroglioma [36, 44] . Furthermore, some groups have disagreed with such a correlation altogether, and argued for the superiority of CT or MRI [45, 46] . The literature suggests that a fully quantitative evaluation of 201 Tl SPECT may have a role to play, particularly for objective analysis of such data.
In PET studies, quantitative analysis is carried out with the aid of the standardized uptake value (SUV) [47] . This dimensionless quantity is calculated from the measured concentration of activity in the lesion or region of interest, and the total injected dose in the patient of a specified weight, and is defined as SUV ¼ kBq ml À1 ðtumourÞ dose ðkBqÞ=weight ðgÞ ð1Þ
Due to the lack of fully quantitative SPECT in routine clinical practice, the potential for SUVs in SPECT imaging of cancer has not been widely recognized. A recent investigation by Beauregard et al. [48] successfully demonstrated the application of SUV measures in imaging of neuroendocrine tumours after 177 Lu therapy, indicating the potential usefulness of such a measure for tumour analysis and treatment monitoring. Despite the role of SPECT in brain imaging, the authors are unaware of an equivalent measure for SPECT analysis of brain tumours.
Specifically, this work aims to develop and validate a CT-based quantitative technique for 201 Tl SPECT, and to investigate the feasibility of a applying such a technique to 201 Tl brain tumour studies with the aim of developing an SUV.
Materials and methods
All experimental and clinical data were acquired with a triple-head Picker Prism 3000XP SPECT system (Picker, Cleveland, OH, USA) of crystal thickness 9.5 mm, with low-energy high-resolution (LEHR) collimators of hole size 1.40 mm, hole length 27.0 mm, septal thickness 0.18 mm, 8.0 mm system full-width-at-half-maximum (FWHM) at 10 cm, and a 240Â400 mm field of view. The corresponding CT data were acquired on a singleslice Picker PQ5000 helical CT scanner [49] . Emission data were acquired using an energy window spanning 6090 keV. The protocol for brain imaging consisted of a 30-min SPECT study of 120 projections (45 s per projection angle), acquired on a 128 by 128 matrix size with a zoom of 1.0, resulting in final voxel dimensions of 3.56 mm. All reconstruction was performed using OSEM (ordered subset expectation maximization) with 4 iterations and 8 subsets, followed by three-dimensional Butterworth filtering with a cut-off of 1.0 and order of 8.0. All analysis was performed on a HERMES workstation (Nuclear Diagnostics AB, Stockholm) and software written in IDL (ITT, Boulder, CO).
Experimental measures
Following the methodology described previously in Willowson et al. [9] , the quantitative method required CT-based corrections for scatter and attenuation, combined with measurements of the camera sensitivity factor and modelling of the partial volume effect. Briefly, the transmission-dependent scatter correction (TDSC) method, originally described by Meikle et al. [50] , was used to perform object-specific, non-uniform scatter correction, based on radionuclide, camera and collimator specific measures of the scatter function and scatter fraction (k), given by
where e ÀT represents the transmission factor at a point for a given object thickness T, and can hence be calculated from X-ray CT data using the known relationship between Hounsfield units and linear attenuation coefficients [51] , and provided the empirical parameters A, B and are known. The scatter function represents the response of a position-sensitive detector to scattered radiation, which cannot be discriminated from the photopeak due to the limited energy resolution of the camera. Standard evaluation is from line source experiments, modelling scatter tails in the count profile as decreasing mono-exponentials [52] . Experimental measures of the scatter function slope and scatter fraction parameters A, B and were made through line source and build-up experiments, respectively.
Following the technique described previously in Willowson et al. [9] , a low activity source with negligible attenuation and scatter was imaged, and the background subtracted average count rate per detector compared with the calibrated activity to derive the sensitivity factor in units of count s À1 MBq À1 . Partial volume effects were modelled using cylinders of varying diameter (ranging from approximately 0.5 to 10 times the system spatial resolution). Comparison of the true concentration within the objects with the measured concentration from corrected images led to calculated recovery coefficients. A function of the form
was fitted to the data to allow for easy calculation of recovery coefficient values (y) for a given object diameter (x).
The reconstructed spatial resolution of the system was evaluated through the FWHM of a profile representing counts across the reconstructed SPECT study of a line source.
The CT-based quantitative method
The quantitative algorithm described in Willowson et al. [9] was modified to include the radionuclide specific parameters corresponding to the experimental results for 201 Tl. The quantitative method first involved conversion of the CT data into an energy-dependent linear attenuation map, or -map [51] . For 201 Tl, the average energy of the X-ray spectrum was used for this conversion, resulting in an attenuation coefficient of 0.16 cm À1 . The -map provided information of attenuation at every point in the observed image (g(x,y) obs ), which was used to calculate a matrix of scatter fraction values (k(x,y)) based on the measured TDSC parameters and Eq. (2) . When combined with the measured scatter function (s), this allowed for a non-uniform, patient-specific estimate of scatter that could be subtracted to leave scatter-free projection data (g(x,y)):
gðx, yÞ ¼ gðx, yÞ obs À kðx, yÞðgðx, yÞ obs s ð4Þ
This scatter-corrected data was then corrected for attenuation, again using the CT-derived -map and an iterative Chang attenuation correction algorithm [53] , resulting in fully corrected reconstructed slices. The measured camera sensitivity factor allowed for conversion of the corrected reconstructions into units of absolute activity, after which any relevant partial volume effects could be taken into account by using the known object size (measured from the CT data) and the corresponding recovery coefficient. No camera dead time effects were modelled as, considering typical clinical doses associated with 201 Tl, these were assumed to be negligible.
Experimental validation
A cylindrical phantom containing a range of fixed attenuating materials (made from Styrofoam, epoxy and sand) of diameter 20 cm and volume 4810 ml was used to provide an initial validation of the technique. The phantom was filled with a calibrated amount of radioactivity mixed uniformly in water, giving a known concentration of 21 kBq ml À1 . SPECT/CT was performed. The emission data were reconstructed following the quantitative method described above, and the mean calculated concentration of radioactivity found in hand-drawn regions of interest (ROIs) over several slices in background was compared with the known amount.
Further quantitative validation was performed using an RSD anthropomorphic striatal brain phantom (Radiology Support Devices, Elimpex-Medizintechnik, Austria). The brain phantom is made from Perspex and contains 4 compartments situated inside the main cerebral cavity (volume of 1260 ml), representing the subcortical grey matter regions, or striatum, of the brain (specifically the caudate nuclei and putamen bilaterally; volumes 5.4 ml and 6.0 ml, respectively). Each of these compartments could be accessed separately from the main volume, allowing different concentrations of radioactivity to be used in each. The phantom itself was housed in a replica skull made from materials that strongly resemble the density, and hence attenuation and scattering properties, of human bone and flesh, allowing for a realistic emulation of the clinical situation.
For quantitative validation, the background cavity was filled with water and a uniform concentration of 40.2 kBq ml À1 of 201 Tl. One of the 4 compartments was left cold with no radioactivity (water with 0 kBq ml À1 ); the other 3 compartments were filled with increasing concentrations of solutions, in the ratios of 2.5, 4, and 5 times that of the background. These concentrations were calibrated as 109 kBq ml À1 , 164 kBq ml À1 and 218 kBq ml À1 at mid-scan time. The phantom was sealed inside the skull and SPECT data acquired on the Picker Prism 3000XP gamma camera, following the standard 30-min acquisition protocol described above. An X-ray CT was also acquired at the time of the study and used to perform quantitative corrections on the data. The calculated concentrations of activity in the lesions and in the background were compared with the known concentrations to evaluate the accuracy of the quantitative method. This evaluation also required application of the appropriate recovery coefficients to the values recovered from the lesions due to the partial volume effects on their small sizes. ROIs were drawn based on the true contour of the lesions using the CT data. The study involved 27 patients (17 males, 10 females) who were recruited over the period 20052008, 20 of whom were deceased at final follow-up (late 2009) and one of whom refused treatment and so was withdrawn from the study. Patients were in the age range of 2783 years, with a mean age of 61.3 years. All patients participating in the study had been diagnosed with a form of brain malignancy, predominantly astrocytoma, and were undergoing treatment through surgical resection or debulking, radiotherapy, and chemotherapy. All patients had a 201 Tl SPECT study performed in the first week after surgery to assess remnant tumour and treatment options. The study consisted of imaging 15 min after injection of approximately 120 MBq of thallium chloride ( 201 Tl) using the triple-headed Picker Prism 3000XP gamma camera following the protocol mentioned above (the same as that used in the experimental investigations). The co-registered radiation therapy planning CT was used for all quantitative corrections. Delayed imaging was optional and was performed on 8 patients. Of the initial 27 patients, 12 returned for a follow-up study 3 months after surgery, and 4 returned for a follow-up study 6 months after surgery (follow-up SPECT data are not presented in this report). X-ray CT and MRI were performed on all patients routinely to assess recurrence and post-operative change, and all studies aided in monitoring treatment. Data were first reconstructed with no corrections and, following the standard method of analysis, the ratio of maximum counts inside a hand-drawn region over the tumour to a similar size region drawn over healthy brain was recorded. Generally speaking, such a tumourto-background ratio above 1.0 is considered to be an indicator of recurrent disease. The higher such a ratio, the more likely recurrence, and the more aggressive the treatment needed.
For the purposes of this study, all SPECT data were corrected using the CT-based quantitative method described above, producing images in units of kBq ml À1 . To determine SUVs, volumes of interest were drawn around the tumour using a volume growing package [54] , based on a specified threshold of the maximum pixel value within the tumour. The maximum concentration value within each tumour volume was recorded and used to generate SUV max values using Eq. (1), which were compared with patient survival (in terms of months from the initial SPECT study) and analysed via linear regression. Maximum concentration was chosen to measure the SUV due to asymmetric tumour shapes and the associated difficulty in measuring consistent tumour diameters in order to apply a suitable recovery coefficient factor. In patients who had multiple foci, the largest value was chosen. An arbitrary SUV max cut-off of 1.5 was chosen to compare relative survival of patients both above and below this threshold over an 18 month follow-up time using KaplanMeier analysis and a logrank test. The cut-off was chosen based on good separation of the groups survival. In the subgroup on whom 4-h delayed imaging was obtained (n ¼ 8), comparison of tumour-to-background ratio and SUV max on delayed and early imaging was performed. Several studies were also chosen randomly to be used for normal background calculations. An ROI was drawn in areas of normal brain, contralateral to the tumour site, and the average across all studies taken as an indicator of SUV in healthy brain. All ROIs and volumes of interest were drawn by a nuclear medicine physician with the aid of co-registered MRI/CT images to differentiate between uptake in the brain and skull where necessary. Table 1 contains the resulting parameters found for   201 Tl. Results displayed in Table 1 are: the measured slope of the mono-exponential function used to model the scatter function; the empirical parameters that describe the scatter fraction (A, B, ) ; the measured camera sensitivity factor; and the reconstructed spatial resolution. Figure 1 demonstrates the measured scatter fraction modelled with the build-up function (Eq. (2)). Fig. 2 represents the resulting recovery coefficient plot for 201 Tl, with Eq. (3) fitted to the data. The plot is as expected with true concentrations being recovered only when object diameters reach $4 times the system spatial resolution.
Results

Experimental measurements
Quantitative validation
The cylindrical phantom was known to contain a concentration of 201 Tl equal to 21 kBq ml À1 at the time of the study. Taking the average measured concentration from several ROIs across several transverse slices, the quantitative method led to a calculated concentration within 1% of the true value. Table 2 summarizes the results of the quantitative analysis of the RSD anthropomorphic striatal brain phantom. In Table 2 , the true concentrations of activity in each of the lesions and the background compartment are compared with the calculated concentrations, both with and without corrections for the partial volume effect. The calculated recovery coefficient for each volume is also listed, as is the difference between the final corrected concentration values and true values. Table 1 Experimental measures for 201 Tl of the slope of the scatter function (s), the scatter fraction parameters (A, B and b) that describe the build-up function, the measured camera sensitivity factor, and the reconstructed system spatial resolution to be used in conjunction with the measured recovery coefficients for partial volume corrections The true activity concentrations are compared with calculated mean concentrations both with and without corrections for partial volume effects, for the background and lesions of varying activity ratios. The differences between the true and calculated concentrations, when all corrections are taken into account, are displayed as a percentage of the true values. Fig. 3 represents a reconstructed SPECT study, co-registered to the radiotherapy treatment planning CT, and the corresponding threshold-based region-growing software analysis for the same patient. Fig. 4(a,b) represents the observed relationship between SUV max (early imaging only) with survival of patients with a brain tumour and measured tumour-to-background ratios, respectively. A direct comparison of tumour-to-background ratio and survival can be seen in Fig. 4(c) . Linear regression analysis yields a poor relation between SUV max and survival, with no significant correlation found between the two based on a log-rank test. The relationship between SUV max and tumour-to-background ratio can be described as linear, with a correlation coefficient equal to 0.6, and as significant (P50.005).
Clinical investigation
In SPECT studies performed post-surgery (pre-therapy), tumour-to-background ratios were found to range from 1 (normal) to 8, with a mean of 2.7. The maximum concentration within tumours, using the CT-based quantitative method, ranged from 0.5 kBq ml À1 to 7.8 kBq ml À1 , with a mean of 3.2 kBq ml
À1
, with corresponding SUV max values ranging from 0.4 to 4.6, with a mean of 2.0. Table 3 displays the differences seen between early and delayed imaging in tumour-to-background ratios and SUV max values.
Relative survival of patients both above and below an SUV max threshold of 1.5 were compared over an 18-month follow-up time. Fig. 5 demonstrates the relative fraction of patients surviving over this time period in each of the 2 groups. At 10 months after surgery, patients with an SUV max 51.5 demonstrated a 70% survival, compared with 47% survival for those with an SUV max 41.5. At 18 months after surgery, these survival rates had fallen to 40% and 27%, respectively. A log-rank test demonstrated no significant difference in survival rates between the 2 groups (P40.2).
Although no significant correlation between SUV max and survival was seen over the entire range of patients, examination of those who fell at the extreme ends of the spectrum demonstrates a significant correlation (P ¼ 0.005). Those with an initial SUV max 51.0 (7 patients) were found to have an average survival time of 16.4 months (range 824 months); those with SUV max 43.5 (4 patients) had an average survival of only 3.8 months (range 29 months).
Discussion
Accurate modelling of the scatter correction parameters and experimental measurement for sensitivity are indicated by close agreement between the measured and true concentrations in the cylindrical phantom experiment. These results are consistent with the RSD anthropomorphic striatal brain phantom experiment, where measured concentrations in all lesions and background were within 4% of the true values. In addition, the brain phantom study also suggests correct modelling of the partial volume effect, and allows for an evaluation of quantitative accuracy for a range of tumour-to-background activity ratios, representative of clinical imaging. It is unlikely that the measured experimental correction parameters would fluctuate much over an extended period of time unless the camera underwent installation of new hardware/software, or was damaged. The most susceptible measure is the sensitivity factor, which may require repeated measurements over extended periods of time (years).
When considering the cold lesion, although the volume of the lesion contained no radioactivity, a measured concentration of 26.5 kBq ml À1 was found. This erroneous Figure 3 Example of a reconstructed quantitative 201 Tl SPECT with a Butterworth filter, co-registered to the radiotherapy treatment planning CT (left), and the corresponding threshold grown ROI (right).
measurement is due to spillover from outside the volume and scatter, and considering the small size of the lesion and its position within the background activity and immediately adjacent to a hot lesion, this result is not unexpected.
The phantom results are indicative of a robust quantitative method for analysis of 201 Tl SPECT data that should extend to clinical imaging. The patient studies analysed as part of this research are meant as a pilot study to test the feasibility of such a method. It is important to note that treatment was not consistent across all patients, and a larger cohort is necessary to draw conclusions. However, some initial insights have been gained from this study.
Of the 8 patients who underwent delayed (4 h) SPECT imaging, the mean change in tumour-to-background ratio and SUV max was 14.9% and 19.7%, with a range of (028.6)% and (061.8)%, respectively. The rationale behind such delayed imaging is that 201 Tl does exhibit some uptake in post-surgical oedema, which decreases with time, whereas tumour uptake is expected to decrease more slowly or even increase, hence delayed imaging can help to differentiate between recurrence and post-surgical change. Some patients did display large relative changes between early and delayed measures, however a larger patient cohort is necessary to determine whether or not this may be significant. In comparison with previous studies in the literature [35, 36, 55] , no significant or linear correlation was found between tumour-to-background ratio and survival, however such statistical analysis is most likely limited by the small study cohort. Furthermore, although very low or very high SUVs appear to correlate with survival, greater study numbers are needed to support this.
Given the relatively poor survival times associated with patients with brain tumours and the limited study numbers, it is difficult to draw conclusions regarding the impact that quantitative analysis may have on the management of such patients. Given the lack of correlation between the standard method of analysis (tumour-tobackground ratio) or quantitative analysis with survival, the study does not indicate that 201 Tl SPECT has added anything significant to prognostication for these patients. However, the impact that such a method may have on guiding radiotherapy planning is still open to investigation. Furthermore, given the correlation that has been demonstrated in the literature between tumour-to-background ratios with survival, this would again suggest that larger numbers are needed before conclusions can be drawn.
It is likely be that the role of thallium imaging in brain tumours will be more in the areas of assisting with radiotherapy planning and for differentiating between radiation necrosis and recurrence rather than initial postoperative assessment.
Conclusion
A practical method for achieving fully quantitative SPECT data for the radionuclide 201 Tl has been developed and validated on experimental data. The method is based on a previously developed technique for achieving quantitative 99m Tc SPECT data, and uses the transmission information available from co-registered CT data to perform non-uniform, patient-specific corrections for scatter and attenuation, with the additional benefit of having the high-resolution CT data available for image fusion and measurement of object size when partial volume effect corrections are necessary. As such, the method is ideal for use on clinical SPECT/CT systems, and has been found to produce consistent results.
Initial results from a small pilot study to investigate the feasibility of an SUV parameter for brain SPECT imaging have demonstrated trends in survival of patients with initial SUV max values above or below 1.5, and has suggested SUV may be able to indicate survival for patients who fall at the extreme ends of the spectrum (a very large (43.5) or very low (51.0) SUV). Incorporating the CTbased quantitative method into the analysis of 201 Tl brain SPECT studies to derive fully quantitative SUV parameters has been demonstrated and, given the role that SUV has played in PET, we would expect this to present new opportunities for SPECT in the analysis and monitoring of disease.
